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Abstract 
There is abundant high-energy-grade residual heat on ships. The rotary desiccant air-conditioning (A/C) system can 
recover ships’ residual heat to work as the system’s driving heat source, achieving significant energy-saving for 
ship’s A/C. In this paper a new two-wheel two-stage rotary desiccant A/C system was developed for a ship. 
According to operating parameters of a real ship, the ship’s available residual heat and the required amount of steam 
consumption for the rotary desiccant A/C system developed were analyzed; and the system’s energy-saving was 
calcualted. The analysis results showed that the maximum amount of steam generated by residual-heat boiler on the 
ship is enough to meet the need to drive the marine rotary desiccant A/C system and the need of daily use and fuel oil 
heating. Compared with the traditional marine A/C system, the new marine rotary desiccant A/C system can save 
about 33.4% of energy consumption. 
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1. Introduction 
With gradual depletion of world’s energy and further deterioration of environment, energy-saving and 
environmental protection have become the focus in the worldwide. In shipping industry, the carbon 
dioxide emissions reached 10.46 million tons in 2007, accounting for 3.3% of the total global greenhouse 
emissions. Furthermore, the amount of emissions is increasing year by year and the situation is much 
serious [1]. Therefore, the Marine Environment Protection Committee (MEPC) tried to develop relevant 
laws and indexes such as EEDI (Energy Efficiency Design Index) and SEEMP (Ship Energy Efficiency 
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Management Plan) to improve the ship energy efficiency and reduce ship greenhouse gas emissions in 
recent years.  
Marine A/C (A/C) is one of the major electrical consumption devices on ship and it consumes about 
20% of the ship’s total electric energy. Therefore, energy-saving of marine A/C is of great significance. 
Traditional marine A/C uses direct-expansion evaporator in the air handler to lower the temperature and 
humidity of supply air. According to the design condition of marine A/C, at least 50% of total supply air 
is fresh air. When fresh air is 60% of total supply air, the sensible heat load and latent heat load account 
for 31% and 69% of the total heat load respectively. Therefore, it is significant to conduct energy-saving 
research to lower the power consumption of marine A/C according to its characteristic of large latent heat 
load. 
Rotary desiccant A/C has attracted great attention since it can handle latent heat load with low-grade 
energy and reduce energy waste. However, most current researchers pay attention to its application on 
land buildings [2], and its application on marine A/C is still very few. There is abundant residual heat on 
ship because the thermal efficiency of modern marine diesel engine is only about 50%. The residual heat 
by exhaust gas is about 30% and the temperature of exhaust gas ranges from 260℃ to 400℃ [3]. In order 
to utilize the high-grade residual heat of exhaust gas, exhaust-gas boiler is generally equipped on ship to 
generate high temperature steam as the heating medium for daily uses and fuel heating. However, the 
exhaust-gas boiler usually can not make full use of the residual heat of exhaust gas.  
Large latent heat load of marine A/C and abundant residual heat on ship are very suitable for utilizing 
rotary desiccant A/C. Marine rotary desiccant A/C can take advantage of abundant residual heat on ship 
to regenerate desiccant dehumidification and the unlimited sea water to reduce air temperature, which can 
improve energy efficiency, reduce environmental pollution, and meet “ship carbon reduction” trend. 
2. The Scheme of Marine Rotary A/C of a Real Ship 
2.1. Technical Specification of a Real Ship 
In order to develop a marine rotary desiccant A/C system, the technical specifications of a real ship are 
introduced here. The type of ship is 4900PCTC. It’s gross ton is 46358 tons and design speed 20 knots. 
The rated exhaust gas flow rate of the exhaust gas boiler is 121400 kg/h and its rated steam production 
capacity 1500 kg/h. The steam pressure is 0.7 MPa. The designed cooling load of A/C is 361.12 kW and 
its total supply air flow rate 20388 m3/h. The A/C system is equipped with two refrigeration units. When 
one of the units is running, the other one stands by. The cooling capacity of each unit is 385 kW and its 
power consumption is 104.2 kW. The designed parameters for the ship’s A/C system are as follows. The 
designed dry-bulb temperature and relative humidity of outdoor air are 35℃ and 85%. The designed dry-
bulb temperature and relative humidity of indoor air are 26℃  and 50%. The designed supply air 
temperature is 16℃ and the fresh air ratio is 60%.  
The traditional air handling process on the psychometric chart under summer condition is as shown in 
Figure 1. The process air is composed of 60% fresh air (O) and 40% of return air (I); and the dry-bulb 
temperature and humidity content of mixed air state point (M) are 31.4℃  and 22.77g/kg(dry.air) 
respectively. The process air is treated to the supply state point (S) after passing through the direct-
expansion evaporator where it is cooled and dehumidified; and its dry bulb temperature and humidity 
content are 16℃ and 8.82 g / kg (dry. air) respectively. The humidity content difference between M and S 
is △dM-S = 22.77-8.82 = 13.95 g/kg (dry. air). In the real marine A/C system, designed air mass flow rate 
Mair= 1.14kg/m3×20388m3/h=23303.5kg/h; sensible heat load Qs= Mair× (hm-hs) =101.69 kW; latent heat 
load Ql= Mair×△dM-S ×2257kJ/kg =231.2 kW. The total cooling load of the ship’s A/C is 332.8 kW and 
hence its latent heat load accounts for 69.5% of total cooling load. 
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Fig. 1. Air handling process of traditional A/C System 
2.2. Scheme of the system 
The scheme of a marine rotary desiccant A/C system developed is as shown in Figure 2. Two desiccant 
wheels are used to deal with system’s latent heat load; and the desiccant dehumidification is regenerated 
by the heater using residual heat. The Sea-water Cooler 1 and 2 are combined with a traditional vapor-
compression refrigeration unit to deal with system’s sensible heat and to lower supply air temperature. As 
shown in Figure 3, the desiccant wheel consists of process part and regeneration part. The area ratio 
between process part and regeneration part is 3:1, which could help achieve good dehumidification effect. 
When the process air goes through Desiccant Wheel 1, the heat produced during dehumidification process 
causes the process air to increase its temperature, which will reduce dehumidification effect of rotary 
desiccant wheel. Therefore, before going through Desiccant Wheel 2, the process air is cooled by Sea-
water Cooler 1. Since sea water is almost unlimited for ship, the use of sea water coolers can help reduce 
the power consumption of the A/C system. 
The air handling process can be expressed as M-1-2-3-4-S on the psychometric chart in Figure 4. The 
point O represents the state of fresh air, the point I the state of return air and M the state of mixed air. M-1 
represents an isenthalpic dehumidification process. The mixed air goes through the process area of 
Desiccant Wheel 1 where the humidity content is absorbed and latent heat of water is released. As a result, 
the air temperature increases and humidity content decreases. The dry-bulb temperature and humidity 
content of state point 1 are 50.65℃ and 15.00 g/kg(dry air). 1-2 represents a dry-cooled process. The high 
temperature process air leaving Desiccant Wheel 1 goes through Sea-water Cooler 1. The design 
temperature of sea water is supposed to be 32℃. Then the temperature difference between sea water and 
the air is 6℃. The dry-bulb temperature and humidity content of state point 2 are 38℃ and 15.00 
g/kg(dry air). 2-3 also represents an isenthalpic dehumidification process as M-1. The process air leaving 
Sea-water Cooler 1 goes through the process area of Desiccant Wheel 2. The dry-bulb temperature and 
humidity content of state point 3 are 53.23℃ and 8.82 g/kg(dry air). 3-4 is a process as 1-2; the process 
air goes through Sea-water Cooler 2. The dry-bulb temperature and humidity content of state point 4 are 
38℃ and 8.82 g/kg(dry air). 4-S is also a dry-cooled process. The process air is cooled by the auxiliary 
refrigeration unit and meet the requirements of supply air; the dry-bulb temperature and humidity content 
of state point S are 16℃ and 8.82 g/kg(dry air). 
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Fig. 2. System flow chart of marine rotary desiccant A/C system with two desiccant wheels 
 
Fig. 3. Divided zones of desiccant wheel 
 
Fig. 4. Air handling process of rotary desiccant A/C System on psychometric chart 
Regeneration process on psychometric chart is as shown in Figure 5. Regeneration air flow rate of 
each desiccant wheel is 30% of process air flow rate. The total regeneration air flow rate is 12233 m3/h. 
The original state of regeneration air (point A) is the same as that at point I. It is dry-heated to 120℃ by 
the heater using residual heat. Then it is divided into two streams, e.g. B1 and B2, to regenerate desiccant 
dehumidification of Desiccant Wheel 1 and 2 respectively. The regeneration process is an isenthalpic 
process. The regeneration air goes through desiccant wheels where the water is vaporized, which results 
in decreased temperature and increased humidity content of regeneration air. Then the regeneration air 
reaches to the state point C: dry-bulb temperature of 55℃ and humidity content of 36.16 g/kg. Finally, 
the regeneration air is discharged outdoor. 
3. Energy consumption calculation and analysis 
In the marine rotary desiccant A/C system developed, the energy is mainly consumed in the following 
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aspects: ① the steam required for heating regeneration air; ② the power consumed by the auxiliary 
refrigeration compressor; ③the power consumed by regeneration air fan and supply air fan; ④the power 
consumed by the motor of desiccant wheel. Since the rotational speed of desiccant wheel is generally very 
slow, the motor of desiccant wheel consumes a very small amount of power. For example, a motor for a 
real desiccant wheel in a real A/C system whose supply air flow rate and regeneration air flow rate are 
63480 m3/h and 21120 m3/h respectively, only consumes 0.75kW/h. 
 
 
Fig. 5. Regeneration air process of marine rotary desiccant A/C System 
3.1. Analysis of required steam consumption 
In order to investigate the impact on ship caused by the introduction of rotary desiccant A/C system, 
the required steam consumption is calculated to analyze whether the existing exhaust-gas boiler can meet 
the need for desiccant regeneration without any change of the existing boiler. 
Under summer condition, the regeneration air is all taken from indoor air. The total regeneration air 
flow rate for two wheels is 60% of the process air flow rate. The regeneration air is heated by high 
temperature steam through heat exchanger. The steam consumption can be calculated by the formula (1) 
ηρ ×′−′′
−×××=
ii
ttCVD p 12                                   （1） 
where, D is steam consumption for heater (kg/h); V is the flow rate of heated medium (m3/h); ρ is the 
density of heated medium, 1.143 kg/m3; Cp is the specific heat capacity of heated medium, 1.016 
kJ/(kg.℃); t2 is the outlet temperature of heated medium (℃); t1 is the inlet temperature of heated 
medium (℃); i" is the heating steam enthalpy (kJ/kg); i′ is the condensate enthalpy of heating steam 
(kJ/kg); η is the efficiency of the heater and its value is 0.98.  
Exhaust-gas boiler equipped on ship can produce 1500kg/h saturated steam under 0.7MPa whose 
saturated steam temperature, saturated steam enthalpy and saturated condensate enthalpy are 164.96℃, 
2762.9 kJ/kg and 693.63 kJ/kg respectively. The regeneration temperature for selected desiccant is 120℃. 
As shown in Figure 5, dry-bulb temperature and enthalpy of state point A and B1 are 26℃, 53kJ/kg (dry 
air), 120℃ and 149.342 kJ/kg(dry air) respectively. Therefore the steam consumption D calculated by the 
formula (1) is 658.5 kg/h. 
Under winter condition, the supply air is heated and humidified by steam generated by the exhaust-gas 
boiler. The air handling process on psychometric chart is as shown in Figure 6. The state point O′ 
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represents the fresh air from outdoor; the state point I′ represents the return air from indoor; the state point 
M′ represents the supply air mixed by 60% fresh air and 40% return air. Its dry-bulb temperature and 
humidity content are -1℃ and 3.284 g/kg(dry air). The point H' represents the state of supply air and its 
dry-bulb temperature and humidity content are 35℃ and 3.28g/kg(dry air). The point S' represents the 
state of humidified supply air and its temperature is 35 ℃. All cabins' latent heat load is 7350 W. Here the 
surface temperature of cabin shell is regarded as 36℃and the vaporization of humidity distributed from 
body is 2416 kJ/kg. Hence the cabin’s surplus humidity W =7350/2416=3.04g/s. The ship's sensible heat 
load (surplus heat) Q is 265.01 kW in winter, and the ratio of heat to humidity is ε = 265010/3.04 = 
87174.3 kJ/kg. From the line of ratio of heat to humidity on the psychometric chart which goes through 
the state point I', the state point S′ can be obtained. The dry-bulb temperature, humidity content and 
relative humidity at S′ are 35℃, 7.15 g/kg (dry air) and 20.4%. The steam consumption consumed during 
the heating process M′-H′ is represented by D′1. D′1=20388×1.143×1.01 × (35+1) / (2762.9-693.63) × 
0.98= 420.34 kg/h; and steam consumed during humidification process H′-S′ is D′2 =（7.15-3.28）x 
20388×1.14=90254 g/h =90.25 kg/h. Therefore steam consumption in winter is D′ = D′1+ D′2 = 420.34 + 
90.25 = 510.6 kg/h. 
From the above calculation, the steam consumption of rotary A/C system under summer condition is 
147.9 kg/h more than that under winter condition. However, the design steam producing capacity of 
exhaust-gas boiler is usually 15-25% larger than its rated capacity [4]. Hence the design margin of the 
exhaust-gas boiler is 225-375kg/h. Furthermore, under winter condition the steam consumption of daily 
use and fuel oil heating is much larger than that under summer condition. Consequently, the maximum 
steam production of exhaust-gas boiler can meet the need of the rotary desiccant A/C system. 
 
Fig. 6. Air handling process in winter 
3.2. Power consumption of the auxiliary refrigeration unit 
As showed in Figure 4, during the dry-cooled process 4-S, the process air is cooled by the auxiliary 
refrigeration unit and meet the requirements of supply air. At the state point 4, the dry-bulb temperature is 
38℃, and its enthalpy is 60.886 kJ/kg (dry air). At the state point S, the dry-bulb temperature is 16℃, and 
its enthalpy is 38.407 kJ/kg (dry air). The enthalpy difference between the point 4 and point S is 22.48 
kJ/kg (dry air). The actual cooling capacity is assumed to be 1.2 times of the theoretically value because 
of energy loss. Hence the cooling capacity is Q4-S = 1.2 × △h4-S × M4-S = 1.2 × 22. 48 × 1.143 × 20388 = 
628606 KJ = 174.61 kW. If the cooling coefficient of performance (COP) of the auxiliary refrigeration 
unit is regarded as 3.6, the power consumption is W4-S = 174.61/3.60 = 48.50 kW. Therefore, the power 
consumption of the auxiliary refrigeration unit is 55.7 kW less than that of the refrigeration unit 
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compressor (104.2 kW) in the original A/C system, and only 46.55% of the latter. Therefore it can be 
found that the rotary desiccant A/C system has great potential to save energy. 
3.3. Power consumption of the regeneration air fan 
The supply air flow rate of the rotary desiccant A/C system is the same as the original ship's design; 
thus power consumption of the supply air fan can be regard as the same with the original one, which is 
20.0 kW. But the developed rotary desiccant A/C system need one more fan for regeneration air and it 
will consumes additional power. The shaft power of regeneration air fan can be calculated by formula (2), 
 
m
z
PQN ηη ×××
×=
10003600
                                              (2) 
Where, Nz is shaft power; Q is air flow rate of the fan; P is the pressure generated by the fan; η is the 
efficiency of the fan; ηm is the transmission efficiency of the fan. The regeneration air fan is supposed to 
be a centrifugal fan and coupling jointed. According to design manuals the design margin of air flow rate 
should be taken as 10% and the fan efficiency η is usually 90%. The transmission efficiency (ηm ) of the 
coupling joint could be regarded as 98%. The total pressure of centrifugal fan is between 1000-3000 Pa 
when it used for A/C and ventilation. Here, the maximum value of 3000 Pa is selected as the total air 
pressure. Therefore, Nz=12233×(1+10%)×3000/(3600×1000×90%×98%)=12.7 kW.  Hence the maximum 
power of the regeneration air fan is 12.7 kW. 
4. Conclusions 
A rotary desiccant A/C system with two desiccant wheels was developed in this paper, which can 
make full use of abundant residual heat on ship and unlimited sea water resource to deal with sensible 
heat and latent heat of marine A/C. Energy consumption analysis with real parameters from a real ship 
A/C system shows that, (1) The maximum steam production can meet both requirements of marine rotary 
desiccant A/C system and all other daily uses and fuel oil heating.(2) The power consumption of the 
auxiliary refrigeration unit in the rotary desiccant A/C system is 46.55% of the original refrigeration unit 
in the traditional marine A/C system.(3) Compared with the traditional marine A/C system, the new-
developed marine rotary desiccant A/C system can totally save 33.4% power consumption. 
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